Cisplatin (cisPt), PtðNH 3 Þ 2 Cl 2 , is a cancer drug believed to kill cells via DNA binding and damage. Recent work has implied that the cellular copper (Cu) transport machinery may be involved in cisPt cell export and drug resistance. Normally, the Cu chaperone Atox1 binds Cu(I) via two cysteines and delivers the metal to metal-binding domains of ATP7B; the ATP7B domains then transfer the metal to the Golgi lumen for loading on cuproenzymes. Here, we use spectroscopic methods to test if cisPt interacts with purified Atox1 in solution in vitro. We find that cisPt binds to Atox1's metal-binding site regardless of the presence of Cu or not: When Cu is bound to Atox1, the near-UV circular dichroism signals indicate Cu-Pt interactions. From NMR data, it is evident that cisPt binds to the folded protein. CisPt-bound Atox1 is however not stable over time and the protein begins to unfold and aggregate. The reaction rates are limited by slow cisPt dechlorination. CisPt-induced unfolding of Atox1 is specific because this effect was not observed for two unrelated proteins that also bind cisPt. Our study demonstrates that Atox1 is a candidate for cisPt drug resistance: By binding to Atox1 in the cytoplasm, cisPt transport to DNA may be blocked. In agreement with this model, cell line studies demonstrate a correlation between Atox1 expression levels, and cisplatin resistance.
C isplatin (cis-diammine dichloro platinum(II); cisPt) is one of the most potent anticancer drugs in clinical use effective against several common types of solid tumors. The cytotoxic effect of cisPt is thought to be due to attack on DNA bases and this DNA damage causes induction of apoptosis in cancer cells (1) . The effectiveness of cisPt-based chemotherapy can be hampered by several resistance mechanisms, including reduced uptake by the cell, rapid detoxification inside the cell, increased drug efflux from the cell, DNA repair, and defective apoptosis (1) . It appears that cisPt is able to bind to a number of extraand intracellular proteins which may be linked to both side effects of cisPt treatment and drug resistance. For example, cisPt is thought to bind to serum albumin in human blood plasma (2) . In vitro studies have shown cisPt to bind to cytochrome c (at Met65) (3), superoxide dismutase (at His19) (4) , lysozyme (at His residue) (5) , and CopC (at Met residues) (6) . Most often, large doses of cisPt (high micromolar) need to be administrated in the blood to assure sufficient cell uptake. Although there are no data on the level of cisPt inside cells during treatment, one estimate (7) suggests it to be in the low micromolar range.
It is today widely accepted that cellular copper (Cu) transporting proteins are involved in both cisPt uptake and efflux, at least to some degree (8) . Whereas cisplatin uptake appears mediated by the copper transporter Ctr1, the copper transporting P 1B -type ATPases ATP7A and ATP7B (Menkes and Wilson disease proteins) are suggested to be involved in cisplatin efflux. The initial link between cisplatin resistance and Cu transporters was due to early observations of cisplatin resistance being associated with overexpression of the ATP7B and ATP7A proteins (9, 10) . In humans, cellular Cu homeostasis is maintained by the Cu chaperone Atox1 that obtains Cu from Ctr1 and then delivers it to metal-binding domains (MBDs) of ATP7A and ATP7B in the secretory pathway (11) (12) (13) . These latter proteins couple ATP hydrolysis to Cu transport into the Golgi lumen, for metallation of cuproenzymes, such as apoceruloplasmin (14) . Several diseases are related to imbalance in Cu homeostasis-for example, Menkes and Wilson diseases (15, 16) and aceruloplasminemia (17, 18) . Atox1 is a 68-residue protein that, like the MBDs in ATP7A and ATP7B, has a ferredoxin-like fold with a compact βαββαβ structure and a conserved metal-binding motif MX 1 CX 2 X 3 C, located in the solvent-exposed β1-α1 loop, which binds a single Cu(I) (19, 20) . Previous work has shown that apoand Cu-loaded forms of Atox1 have similar ferredoxin-like folds apart from increased conformational dynamics in the Cu-binding loop in the holoform (21) . Last year, using bacterial and hepatocytes/hepatoma cell assays, two studies reported that cisPt could bind to the MBDs of ATP7B, although it was unclear where in the polypeptide the binding site(s) were located (8, 22) .
One may argue that because the MBDs of ATP7B are similar in structure to Atox1, the chaperone will also be able to interact with cisPt. Indeed, studies of wild-type (Atox1+/+) and knockout (Atox1−/−) mice, suggested Atox1 to be a cisPt-binding protein (23) . Recently, this hypothesis was confirmed when two crystal structures of human Atox1 in complex with Pt were reported (24) . In one of the crystal structures, a one-to-one complex was found and Pt was stripped of all its ligands and coordinated Cys12 and Cys15 in Atox1 along with an external tris(2-carboxyethyl)phosphine (reducing agent) ligand. In the other reported structure, two Atox1 molecules were bridged by a cisPt in which both ammine ligands remained in place. Coordination to the protein was facilitated by one Cys15 from each Atox1 in the dimer. Nonetheless, it must be noted that the reported crystal structures are only two of many Atox1-Pt species observed when 1∶1 mixtures of Atox1:cisPt (1 mM) were analyzed by electrospray ionization (ESI)-MS (24) . To understand the interplay between cisPt and Atox1 in solution, we have investigated cisPt interactions with both apo-and Cu-loaded forms of Atox1 by far-and near-UV CD and NMR spectroscopy. We find that at cisPt and Atox1 concentrations similar to in vivo and physiological conditions, cisPt binds to the protein in the absence as well as in the presence of Cu. CisPt binding destabilizes both apo-and holoforms of Atox1, causing polypeptide unfolding and aggregation within hours to days. Fig. S1A ). Incubations of both apo-and holoforms of Atox1 with cisPt in 1∶1 ratios results in the disappearance of first the monoaqua form of cisPt, followed by slow disappearance of the dichloro form (SI Appendix, Fig. S1 B and C). There are no new peaks arising for the protein-bound Pt due to extensive line broadening of the Pt-Atox1 adduct. These findings demonstrate that cisPt binds to the protein in solution and that the reactive cisPt species is the monoaqua form. We independently confirmed cisPt binding to apo-Atox1 by ESI-MS. All samples (with and without cisPt additions) contained peaks at masses of 7,270 and 7,401, corresponding to the apoprotein without the first Met, and the apoprotein with the first Met residue in place, respectively. Samples with one-and fivefold molar excess of cisplatin over apo-Atox1 exhibited additional (dominant) adduct peaks at masses of 7,534 and 7,665 that were not found in the control apoprotein sample (SI Appendix, Fig. S2 ). The 7,534 adduct mass corresponds exactly to that of the apoprotein (without Met) in combination with a cisPt molecule that has lost one Cl ion (i.e., PtðNH 3 Þ 2 Cl). Similarly, the 7,665 adduct mass corresponds to the apoprotein (with first Met) in combination with one PtðNH 3 Þ 2 Cl.
Metal Titrations to Atox1 Probed by Near-UV CD. Based on the reported crystal structures (24), we expected cisPt to bind to the Cys residues in the Cu-binding loop in apo-Atox1 although the binding-site for cisPt in Cu-Atox1 is less clear. We previously used near-UV CD to detect Cu binding to apo-Atox1 (25, 26) . As seen in Fig. 1A , there are changes in the 260-nm region upon addition of 1 eq of Cu to apo-Atox1 (pH 6, 20°C, 0.25 mM DTT). Earlier work has shown that, at these conditions, Atox1 binds one Cu with submicromolar to femtomolar affinity (27) (28) (29) . Titration of cisPt to preformed Cu-Atox1 (1∶1) results in spectral CD features in the 260-370-nm range (Fig. 1B) . Specifically, the peak at 260 nm becomes more negative, a new negative shoulder at 300 nm arises, and a positive peak at 370 nm appears. These changes are reminiscent of CD signals of metallothioneins (MTs) (30, 31) , small Cys-rich peptides that bind many metals (up to 18) in distinct clusters involving bridging sulfurs. Similar to our observations, Neurospora Cu-MT has negative CD at 290 nm and positive CD at 360 nm (32) . Moreover, mixed Zn-Cu MTs have positive CD features at 360 nm and negative ones at 280 nm that depend on total metal and Cu∕Zn ratio (30) . In MTs, the signals are proposed to arise from d 10 − d 10 interactions of adjacent metal ions when the metal-metal distances are relatively short (i.e., <2.8 Å) (33) .
This similarity of our near-UV CD data to that of the metalloclusters in MTs indicates that cisPt is close to the Cu ion when bound to Atox1, as would be the case if both Cu and cisPt occupies Atox1's metal-binding site. This binding is possible if cisPt makes use of one of the two Cys residues normally acting as Cu ligands (Cu could then coordinate a DTT molecule as its second ligand). Metal-metal d 8 − d 10 (i.e., Pt-Cu) interactions have been observed in model systems (exhibiting absorption above 300 nm) and theoretical calculations indicate that these metal-metal are similar to d 10 − d 10 interactions (34, 35) . The changes in the CD spectra saturate when approximately 4 eq of cisPt have been added to Cu-Atox1, which agrees with 1∶1 binding because, within the time frame of this experiment, only one-third of the cisPt molecules is in the monoaqua form (two-thirds are still in the dichloro form; see above and SI Appendix, Fig. S1 ). As expected, incubation of cisPt and Cu-Atox1 mixed in 1∶1 ratio for many hours results in an exponential increase in the near-UV CD bands, which occurs after the initial appearance of a signal change. These bands appear with a rate constant of 0.38 h −1 (pH 6, 20°C). Previously, the development of the monoaqua form of cisPt was reported to be 0.37 h −1 (37°C, pH 6.5) and rate limiting for the formation of cisPt-DNA complexes (36) .
Addition of cisPt to apo-Atox1, on the other hand, results in no changes in the near-UV CD signal ( quent additions of Cu to a premixed cisPt + apo-Atox1 sample results in near-UV CD changes similar to those in Fig. 1B-i .e., negative CD at 300 nm and positive CD at 370 nm (Fig. 1D ).
Because these CD signals do not match those for Cu addition to apo-Atox1 (Fig. 1A) , this result demonstrates that cisPt is already bound to Atox1 (but the complex is CD silent) when the Cu becomes bound. The similarities of the signals in Fig. 1 B and D indicate that a similar ternary Atox1-Cu-cisPt complex forms regardless of order of metal addition. As suggested above, this complex likely involves Cu coordination to one and cisPt coordination to the other Cys sulfur in Atox1's metal-binding loop.
Metal Titrations at High Atox1 Concentrations. To be able to link our CD data with NMR data (see below), we performed a set of metal titration experiments at higher protein concentration (now 0.5 mM instead of 50 μM). Notably, we find the same near-UV CD signals to appear upon cisPt additions to Cu-Atox1, or Cu additions to cisPt-Atox1, as observed at lower protein concentrations (SI Appendix, Fig. S3 A and B), indicating that the same metal-Atox1 complex with both Cu and cisPt bound simultaneously forms also at higher concentrations of the components. However, when probed over time (hours, pH 6, 20°C), we found that a sample of Atox1 (0.5 mM) mixed with 5 eq of cisPt slowly unfolds and in parallel the near-UV CD peaks disappear (Fig. 2B ).
CisPt-Mediated Atox1 Unfolding. The observation of cisPt-mediated unfolding at high protein concentration (above) prompted us to test for possible slow unfolding of the cisPt-Atox1 complexes at 20°C also at micromolar Atox1 concentrations. In the near-UV CD titrations ( Fig. 1) performed within an hour, no time dependence was observed (in accord with one-fourth cisPt being in the monoaqua form and reactive; the rest of the cisPt existing as dichloro and not reactive on this timescale). Nonetheless, incubation of cisPt-Atox1 (5 eq cisPt+apo-Atox1) at 20°C (50 μM Atox1) for more than 1 wk resulted in slow unfolding with a half-life of approximately 30 h (Fig. 2 A and B ). An identical mixture in terms of concentrations was also studied by NMR (see NMR section below) and the distribution of observed disappearance rates for peaks corresponding to the folded protein were similar to the CD-detected unfolding rate constant (SI Appendix, Fig. S4 ). Similarly to the apo-Atox1 case, incubation of cisPt-Cu-Atox1 (5 eq cisPt+Cu-Atox1) at 20°C (50 μM protein) for several days resulted in protein unfolding as detected by far-UV CD (half-life of approximately 6 h; Fig. 2B ). Importantly, at the same conditions, apo-Atox1 alone did not show any signs of unfolding for at least 2 wk. When only 1 eq of cisPt was added to apo-Atox1, there was little, if any, protein unfolding observed over the course of 2 wk. Addition of 1 eq cisPt to holoAtox1, in contrast, resulted in some unfolding with a half-life of the reaction estimated to about 2 d (Fig. 2B ). These observations imply that cisPt promotes slow Atox1 unfolding at low protein concentrations. (21) and most amino acid residues could be assigned. Distinct spectral changes occur within 60 min of addition of cisPt in twofold molar excess to Atox1 (Fig. 3) . In addition to a subspectrum of the apoprotein, a set of well dispersed peaks with attenuated signal intensity appear, which we attribute to folded Atox1 in complex with cisPt. Cross-peaks corresponding to the cisPt-bound Atox1 complex could not be assigned to specific residues because of their short lifetime, which impeded acquisition of extended assignment experiments. A third set of narrowly distributed peaks are present in the random-coil region of the spectrum and are assigned to cisPt-induced unfolded Atox1 conformation(s). As in the case of the apoprotein, addition of cisPt to holo-Atox1 gives an NMR spectrum that is a superimposition of three distinct states: holoAtox1, cisPt-induced unfolded protein, and a state with weak but well-dispersed resonances attributed to a folded cisPt-Cu-Atox1 complex. Notably, upon cisPt binding to Cu-Atox1, peaks indicative of the holo-form remains (e.g., glycine-14) implying that a ternary complex (i.e., Cu is retained upon cisPt binding) is formed (SI Appendix, Fig. S5 ). This binding is in agreement with the conclusions made based on the near-UV CD data. In addition, independent experiments using size exclusion chromatography linked to inductively coupled plasma MS support that both metals interact with the protein simultaneously (SI Appendix, Fig. S6 ).
To study the time dependence of the interactions between cisPt and Atox1, we mixed apo-Atox1 with 5 eq of cisPt and acquired a series of 1 H-15 N HSQC spectra over 16 h (Fig. 4) . Initially crosspeaks corresponding to three states are observed: apo-Atox1, cisPt-bound folded Atox1 (the intermediate species), and the cisPt-induced unfolded form of Atox1. In subsequent spectra, the unfolded peaks grow in intensity paralleled by a decrease in the folded apoprotein and cisPt-bound Atox1 resonance intensities. After 16 h, the protein has unfolded completely because only the unfolded conformation is observable in the spectrum. Kinetics of the spectral changes were extracted by fitting peak volumes from the series of 1 H-15 N HSQC spectra to exponentially decaying functions (SI Appendix, Fig. S7 ). All aporesonances can be accurately fitted with a single exponential decay function (Eq. 1) yielding very similar rate constants with an average (global) value of 0.30 AE 0.08 h −1 . The convergence between individual rates shows that apo-Atox1 is responding to one concerted process. Notably, the rate of depletion of the apoform closely resembles the previously measured rate-limiting development of the reactive monoaqua species (0.37 h −1 at 37°C and pH 6.5) for the formation of cisPt-DNA complexes (36). Our observations suggest that dechlorination is rate limiting also for the interaction between cisPt and Atox1. Meanwhile, the time-dependent cross-peak volumes for resonances assigned to the Atox1-cisPt intermediate are not well fit to monoexponential decays. This observation is consistent with a consecutive reaction model in which primarily the monoaqua (and not the dichloro) form of cisPt forms a complex with folded Atox1. This intermediate then reacts further to generate an unfolded Atox1-cisPt complex. In accordance with this model, we fit the time-dependent changes in signal intensities of the cisPtAtox1 intermediate with an initial buildup rate of 0.3 h −1 (from the rate of apodepletion) and a decay rate that was allowed to float (Eq. 2). The intermediate peaks decay with an average rate of 0.19 AE 0.09 h −1 which is significantly slower than the rate of apodepletion. Protein-bound cisPt can undergo a second dechlorination step to generate a reactive species. The rate constant for this second event is 0.35 h −1 in the already mentioned cisPt-DNA adduct (36) . Similarly, we propose that the observed decay rate of the intermediate species (involving folded Atox1 bound to cisPt) is rate limited by the second dechlorination step of cisPt occurring with a rate of 0.19 h −1 . The cisPt-triggered unfolding of Atox1 is likely occurring following the second dechlorination step and is an irreversible process.
Aggregation States of Species from NMR Spin Relaxation and Electrophoresis.
A fundamental question of mechanistic importance during the cisPt-induced unfolding of Atox1 is the aggregation state of the unfolded species. We addressed this question by measuring R 2 relaxation rates for various Atox1 species, which offer a sensitive probe of motion on fast (picosecond to nanosecond) and slow (microsecond to millisecond) timescales. The assigned backbone 15 N R 2 relaxation rates of holo-Atox1 at 20°C range between 4.6-8.6 s −1 , with most values clustered around 6.5 s Fig. S8 ). The rates are in good agreement with previously reported values (21) . Moreover, the intrinsic R 2 relaxation rate calculated with the Lipari and Szabo model free formalism (37) (assuming a compact spherical protein and τ C ¼ 3.8 ns, S 2 ¼ 0.90, and τ e ¼ 100 ps) is 6.5 s −1 , which adequately matches the measured relaxation rates. The convergence between calculated and measured R 2 rates shows that holo-Atox1 is monomeric at the millimolar concentrations employed in our study.
An additional relaxation experiment with a holo-Atox1 sample containing 5 eq of cisPt and incubated for 24 h provided values of R 2 for the cisPt-induced denatured protein. Peaks attributed to the denatured species have markedly lower relaxation rates compared to folded holo-Atox1 (SI Appendix, Fig. S8 ; R 2 range 2.8-8.2 s −1 , with most values clustered around 4.7 s −1 ). Reference R 2 relaxation rates for the fully unfolded protein were derived from a sample of Atox1 denatured with 8 M urea (SI Appendix, Fig. S8 ). The relaxation rates of Atox1 in the presence of 8 M urea are smaller compared to the holoprotein denatured with 5 eq of cisPt (range 1.3-4.8 s −1 , with an average value of 2.7 s −1 ). Employing the relaxation rates in 8 M urea as a benchmark for that of a fully unfolded (monomeric) protein of this size suggests that the denatured Atox1 species formed during incubation with cisPt in buffer undergoes comparatively restricted internal motions or is present as oligomers. Formation of higher order aggregates is feasible because cisPt contains two chloro groups that can be readily exchanged to form intermolecular cross-links. We propose that networks of unfolded polypeptides can form between Pt linkages from one protein to a Cys-or Met-sulfur in another protein, or to a DTT molecule that interacts with a Cu in another protein. In support, Pt-sulfur-Pt bridges between cisPt molecules have been reported (38) . Presence of oligomeric species in protein-cisPt samples that appeared unfolded by far-UV CD was analyzed by gel electrophoresis. In addition to larger species not entering the gel, there were a range of smaller oligomers detected (SI Appendix, Fig. S9 ). The identification of oligomeric species suggests that the increase in R 2 rates in the cisPt-unfolded, as compared to the urea-denatured, sample is due to an increase in the apparent molecular weight in the cisPt-Atox1 sample.
CisPt-mediated unfolding of Atox1 is specific because an unrelated protein (S16 from Aquifex aeolicus; ref. 39) was stable over weeks (at 20°C) at a concentration of 1 mM protein after mixing with 5 eq of cisPt although NMR data showed binding. Also far-UV CD data on a sample of 50 μM S16 mixed with 5 eq of cisPt revealed no protein unfolding during 2 wk of incubation. Moreover, cytochrome c, known to bind cisPt via Met65 (3), did not unfold when incubated in presence of excess cisPt for 2 wk. Pt NMR experiments demonstrated that cisPt binds to cytochrome c at these conditions. Biological Conditions in Vitro. Inside cells, the pH is approximately 7.3, the salt concentration is approximately 160 mM, the temperature is 37°C, and there is glutathione instead of DTT (as we have used here). Therefore, to assess the relevance of our findings at physiological conditions, we repeated the cisPt-binding experiments, and cisPt-promoted protein unfolding experiments at pH 7.3, 160 mM NaCl, 0.25 mM glutathione (SI Appendix, Fig. S10 ). We find the same phenomena occurring at these conditions: cisPt binds to Cu-Atox1 as the same near-UV CD signals are induced (SI Appendix, Fig. S10A ) as in Fig. 1 . Furthermore, Atox1 unfolding is triggered with a speed very similar to that found at 20°C and low salt (SI Appendix, Fig. S10 B and C) . We speculate that the higher temperature increases the rate of the reaction, whereas the increased ionic strength slows it down; together, the net difference is small.
Atox1 Expression in Tumor Cells. To relate our in vitro findings to in vivo conditions, we studied cellular Atox1 expression in different human tumor cell lines (melanoma T289 and ovarian cancer 2008 cells) before and after exposure to cisplatin (SI Appendix). We found that the cell line with fivefold higher resistance to cisplatin (melanoma T289 cells) (40) has considerably higher levels (3.3-fold) of Atox1 than the cell line with lower cisplatin resistance (ovarian cancer 2008 cells) (41) (SI Appendix, Fig. S11 ). In addition, there is an indication that 2-h exposure to 20 μM cisplatin increases cellular levels of Atox1 by 17-75% in these cell lines.
Discussion
Although many different systems are implicated in cisPt trafficking within the cell, there is evidence for a strong linkage between cisPt resistance and the human Cu transport system. The relationship between cisPt and Cu transporters is underscored by recent observations that cisPt therapy combined with siRNA-mediated ATP7B silencing significantly reduces tumor growth in a mouse ovarian cancer model (42) . Recent in vitro data have suggested that there are direct interactions between cisPt and the metalbinding domains of ATP7B (8, 22) but molecular details are lacking. Two different crystal structures of apo-Atox1 mixed with cisPt were reported last year, implying that Pt binds to the Cu site cysteines (24) . Because the metal-binding domains of ATP7B are similar to Atox1 in terms of structural fold and Cu site, cisPt interactions with Atox1 may mimic its interactions with ATP7B domains. To add to the crystal work on Atox1 and the biological assays on ATP7B, we probed interactions of cisPt with Atox1 (in both apo-and holoforms) in solution using spectroscopic methods. Our solvent conditions were chosen to mimic the in vivo scenario as much as possible. Atox1 and cisPt may both be in the micromolar range in the cytoplasm (7, 43) ; the cytoplasm has 0.5-10 mM of glutathione (44) , which is mimicked here by DTT in most experiments (but not all, see SI Appendix, Fig. S10 ). DTT has higher affinity for Cu(I) than glutathione in solution (45) .
We found that cisPt binds to apo-Atox1 in solution, as was expected from the crystal structure work. However, based on Pt NMR and MS data, it appears that the dominant initial complex is Atox1 linked to one cisPt molecule that has exchanged one Cl ligand. This result agrees with earlier work on how cisPt binds to DNA (46) : Initial DNA binding is limited by Cl dissociation, subsequent Pt-promoted DNA cross-linking depends on dissociation of the second Cl ligand from the cisPt molecule. The same mechanism appears to hold true for cisPt interaction with Atox1: The kinetics of apo-Atox1 disappearance and the subsequent kinetics for disappearance of the intermediate species (folded Atox1 linked to cisPt via one ligand) resemble reported values for cisPt first and second dechlorination (46) , although the second step is slower at low protein concentrations.
We also demonstrated that cisPt binds to the holoform, CuAtox1, without loss of Cu-instead, both metals appear bound in Atox1's metal-binding site. This conclusion is based on the highwavelength CD signals (around 350 nm) that match signals found in multi-metal-cluster MTs (30, 31) . It is possible that the folded Cu-cisPt-Atox1 complex is not monomeric but may to some degree resemble a recently reported Mo-Cu-Atx1 complex (47) , formed when the copper-depleting drug tetrathiomolbydate was added to the yeast Cu chaperone, Atx1. In that reported crystal structure, a sulfur-bridged Mo-Cu cluster with 4 Cu, 1 Mo, and 10 sulfurs, connected 3 Atx1 molecules.
CisPt binding to Atox1 in solution results in slow protein unfolding at 20°C (Fig. 2) and 37°C (SI Appendix, Fig. S10 ), as well as thermal destabilization of the protein (SI Appendix, Fig. S12 ), which is true both with and without Cu bound to Atox1, although the absolute rates of unfolding depended on the presence of Cu or not (faster with Cu). Furthermore, NMR and gel electrophoresis data revealed that cisPt-promoted Atox1 unfolding is coupled to unfolded-state protein aggregation. It was reported for human albumin that cisPt promoted protein crosslinks in vitro during the later stages of reaction (2) , although the structural state of the protein molecules was not assessed. The lifetime of cells range from days (skin, gut) to many years (nerves), implying that the cisPt-mediated unfolding of Atox1 may be a biologically relevant phenomenon. Nonetheless, cancer cells treated with cisPt live for not more than 1 d and thus may mostly experience effects of the folded cisPt-Atox1 complex.
Conclusions
The Cu chaperone Atox1 normally transports Cu(I) for delivery to ATP7A/B, an ATPase that makes Cu available for cuproenzymes. Here, we show in vitro that cisPt interacts specifically with folded apo-Atox1 in solution.
In addition, we demonstrate that cisPt binds to Cu-loaded Atox1 without loss of Cu. Instead, based on the near-UV CD signals, cisPt appears to bind near the Cu ion. The cisPt-Atox1/cisPt-Cu-Atox1 complexes are not stable over time and the protein unfolds and aggregates within hours to days (at physiological conditions). Our study suggests a possible in-cell mechanism for cisPt drug resistance involving Atox1: By binding to Atox1 in the cytoplasm after cell uptake, cisPt transport to the cell nucleus is blocked. The folded Atox1-cisPt species may facilitate transfer of cisPt to ATP7B, for ATP7B-mediated cell export, or simply act as a "sink." In agreement with this hypothesis, our cell line studies demonstrate that Atox1 expression levels are significantly higher in a cisPt resistance tumor cell line (SI Appendix, Fig. S11 ). Because the Cu-binding domains in ATP7B are structurally similar and have similar Cu sites, as in Atox1, we predict that cisPt may also bind to these domains in or near their Cu sites.
Materials and Methods
Protein Preparation. Expression and purification of unlabeled and 15 N-labeled Atox1 follow ref. 48 with some modifications (see SI Appendix). The plasmid was kindly provided by A. C. Rosenzweig (Northwestern University, Evanston, IL). Aquifex aeolicus S16 was purified following established procedures (39) , and horse heart cytochrome c was purchased from Sigma.
CD Spectroscopy. All CD spectra were recorded on a Chirascan (Applied Photphysics) at 20°C. Copper was added to the samples in the form of CuCl 2 (20 mM in H 2 O) and immediately reduced to Cu I by the DTT in the buffer. Cisplatin (Sigma-Aldrich) was dissolved in H 2 O, microwaved for 20 s at 900 W and shaken until no insoluble particles were visible. The cisplatin solution was made fresh and used within 5 d. In titration experiments, samples were incubated for 10 min before measurement. Titrations were performed at 50 and 500 μM Atox1 with 0-5-fold excess of cisplatin added to preformed Cu-Atox1 or to apo-Atox1. Another set of titrations were made in which 0-5-fold excess of Cu was added to premixed 1∶1 cisPt-Atox1. Buffer was 50 or 200 mM NaCl, 20 mM MES, 0.25 mM DTT, pH 6. For samples with high-protein concentration, the DTT concentration was increased to 2 mM. The CD signals were corrected for volume changes and baselines were subtracted from each spectrum. Time dependences of cisPt-promoted Atox1 unfolding (20°C), both apo-and holoforms mixed with different molar equivalents of cisPt (1 or 5) , were measured at a protein concentration of 50 μM via far-UV CD during 2 wk.
Protein NMR. NMR samples contained 0.5 mM 15 N-labeled apo-Atox1 in a buffer of 50 mM NaCl, 20 mM MES, and 2 mM DTT at pH 6.0. For preparation of the holoprotein [i.e., Cu(I)-bound Atox1] equimolar amounts of Cu(II) (as CuCl 2 ) was added to apo-Atox1 in the buffer with excess amounts of DTT. CisPt was added to apo-and holoforms of Atox1 in various amounts (up to fivefold molar excess) in different NMR experiments. In one set of experiments, Atox1 was first denatured by 8 M urea, followed by additions of Cu and cisPt in order to assess metal binding to the fully unfolded state of Atox1. The resulting NMR data however showed that there was no metal binding to the protein under these conditions. NMR experiments were carried out on a Bruker DRX 600 MHz spectrometer equipped with a 5-mm triple resonance z-gradient cryoprobe. All experiments were performed at 20°C with temperature calibration using an external probe. 15 N R 2 relaxation experiments (49) were acquired in an interleaved manner to minimize the contribution from time-dependent changes in the spectra. All NMR spectra were processed with NMRPipe (50) and visualized in the program Ansig for Windows (51) . Integration of cross-peaks volumes were performed with routines in NMRPipe. The evolution of the cross-peak volumes was fit in Matlab to Eq. 1 (apo-Atox1) and Eq. 2 (cisPt-bound Atox1 intermediate). All decays were normalized to the intensity of the first 1 H-15 N HSQC spectrum.
I½t ¼ I 0 exp½−kt:
[1]
I½t ¼ I 2 exp½−k 1 t − I 1 exp½−kt: [2] In both equations, k is the decay rate constant of apo-Atox1 in presence of cisPt, k 1 is the decay of the cisPt-bound Atox1 species, and I i are preexponential factors proportional to the starting concentration of the species.
195 Pt NMR. 195 Pt NMR experiments were conducted at 20°C on a 400 and 500 MHz Bruker DRX instrument equipped with a Bruker broadband observe 10-mm probe. Spectra were acquired using a carrier frequency of 107.286 MHz, a spectral width of 100 kHz, 4,096 complex points, 20,000 transients, and a relaxation delay of 20 ms. Chemical shifts were referenced using an aqueous solution of PtCl 6 .
